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SUMMARY 

A study was made of  the near-threshold 
fatigue crack propagation behavior of  a 
wrought nickel-base superalloy, Rend 95, with 
reference to the effect of  crack size on the 
threshold stress intensity AK o for no detect- 
able crack growth. Measured threshold AKo 
values at low load ratios (R = 0.1) for physi- 
caUy short (0.01 - 0.20 mm) cracks were 
found to be 60% smaller than the correspond- 
ing AKo values for long (about 25 mm) cracks. 
However, short crack threshold values at 
R = 0.1 were found to be similar to long crack 
thresholds at R = 0.8. Such behavior is 
rationalized in terms of  fatigue crack closure, 
specifically involving the role of  fracture 
surface roughness from crystallographic crack 
growth in nickel-base alloys. The large differ- 
ence observed between the threshold values 
for long and physically short cracks serves to 
illustrate the potential problems in applying 
conventional (long crack) fatigue data to 
defect-tolerant lifetime predictions for 
structural components containing small flaws. 

1. INTRODUCTION 

Defect-tolerant  design to predict  the 
fatigue life of  structural components  generally 
involves estimating the time or number  of 
cycles required to propagate the largest 
undetec ted  crack (determined from proof  
testing or non-destructive evaluation) to some 
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critical size (defined by the fracture toughness, 
limit load or specific design criteria). Design 
codes at present a t tempt  to predict  such 
growth rates of  in-service flaws on the basis of  
data collected in the laboratory with test 
specimens generally containing crack sizes of 
the order of 25 mm or greater. Unfortunately 
many defects encountered in service, particu- 
larly in turbine disk and blade applications, 
are far smaller than this. In the relatively few 
cases where the behavior of such short cracks 
has been studied, it has been found, almost 
wi thout  exception, that  at the same nominal 
driving force the growth rates of short cracks 
are greater than (or equal to) the correspond- 
ing growth rates of long cracks [1 - 13] .  This 
implies that  the use of existing (long crack) 
fatigue crack propagation data for estimating 
the structural integrity of certain cyclically 
stressed components  with defect-tolerant 
design may in many cases be non-conservative. 
Accordingly, over the past few years there has 
been a growing interest in fatigue research 
into the problem of the short crack. 

There are several factors which consti tute a 
definition of  a short  crack, namely cracks 
which are of  a length comparable with the 
scale of  the microstructure, cracks which are 
of a length comparable with the scale of local 
plasticity and cracks which are simply 
physically small {e.g. less than 0.5 - 1 mm). 
Most investigations to date have focused on 
the first two factors [2 - 12] which represent 
respectively a cont inuum mechanics limitation 
and a linear elastic fracture mechanics (LEFM) 
limitation to current analysis procedures. 
However, physically short flaws, despite being 
considered long in terms of cont inuum 
mechanics and LEFM analyses, may also 
propagate at rates faster than conventional 
long cracks, once more resulting in non- 
conservative lifetime predictions. For example, 
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TABLE 1 
Chemical composition of Ren~ 95 superalloy 

Element Ni Cr Co Nb Mo A1 W Ti Fe C Zr Si Ca 

Amount (wt.%) Balance 13.75 7.90 3.59 3.53 3.50 3.40 2.47 0.30 0.15 0.06 0.04 0.03 

a comparison of  corrosion fatigue behavior 
of long (about  25 mm) and physically short  
(less than 0.5 mm) cracks in AISI 4130 steel 
tested in aqueous NaC1 solution revealed the 
short  crack growth rates to be  two orders of  
magnitude faster than the corresponding long 
crack rates at the same AK level, a result 
a t t r ibuted to differing local crack tip environ- 
ments [13] .  

The objective of  the present paper is to 
describe preliminary results on the behavior 
of  physically short fatigue cracks in the  
absence of  environmental factors, and in 
particular to examine how threshold stress 
intensities AK0, below which crack growth 
cannot  be experimentally detected,  vary for 
long and short flaws. 

2. EXPERIMENTAL PROCEDURES 

In view of the importance of  the short  
crack problem to engine disk and blade 
applications, the material chosen for s tudy 
was a high strength nickel-based superalloy, 
Ren~ 95. However,  because of the complex 
nature of  short crack testing, the initial 
studies described in this paper were performed 
at ambient temperatures.  Wrought Ren~ 95, 
of  composi t ion shown in Table 1, was 
supplied following vacuum induction primary 
melting, electroslag remelting, upset  forging 
and hot  rolling before solution annealing at 
1093 °C and aging for 16 h at 760 °C. The 
mechanical properties at ambient  temperature 
are listed in Table 2. The microstructure of  
this alloy consisted of  a "necklace" structure 
of  warm-worked 3' grains (average size, about  
90 pm) surrounded by 10 - 20 #m recrystal- 
lized 3' grains. A uniform distribution of  
small 0.5 pm 3" precipitates (NiaA1,Ti,Nb) 
was present in the warm-worked grains 
whereas larger I / am overaged 3" precipitates 
were present in the boundaries of  the 
recrystallized grains. The interparticle 
spacings of  these 3" precipitates were roughly 
1 lam and 3/am respectively, with an overall 

TABLE 2 

Ambient temperature mechanical properties of 
wrought Ren~ 95 

Monotonic yield strength (MPa) 1400 
Cyclic yield strength (MPa) 1200 
Ultimate tensile strength (MPa) 1740 
Reduction in area (%) 12 
Elongation on 25 mm (%) 12 
Fatigue transition life (cycles) 2 × 103 

volume fraction of approximately 0.47. 
MC, M6C and M23C 6 carbides were also 
observed; most  notably,  large (about  20/am) 
MC carbides were seen both in the matrix 
and on grain boundaries. 

Long crack fatigue crack growth tests to 
determine the threshold AK0 values were per- 
formed using compact  test pieces 8 mm thick (in 
the transverse-longitudinal orientation) con- 
taining cracks about  25 mm long. The thresh- 
olds were determined in the usual manner by '  
standard load-shedding procedures on electro- 
servohydraulic testing machines using d.c. 
electrical potential methods  for crack monitor- 
ing [14] .  Tests were performed at 25 Hz (sine 
wave) at load ratios (R = Kmin/Kma,:) of 0.1 
and 0.8 in ambient temperature air (22 °C; 
30% relative humidity).  

Short  crack thresholds were determined 
using cantilever bend specimens 6.35 mm 
thick also tested at 25 Hz in ambient  temper- 
ature air. The bend specimens were first 
notched with a spark cutter,  and then a 
fatigue precrack was grown under cyclic 
compressive loads. In this manner the pre- 
crack advanced under residual tensile stresses 
to the edge of the maximum plastic zone 
[7, 15] to leave a crack of approximately 
0.4 mm. The notch and most  of  the preerack 
were then carefully surface ground (using a 
low wheel speed and an oil-base grinding 
fluid) to leave a short  crack of  length between 
0.01 and 0.2 mm, before the final stress relief 
at 760 °C (I h). Specimens were then loaded 
at R = 0.1 to various initial AK values and the  
number  of  cycles to failure was monitored.  
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Fig. 1. Var i a t ion  in fa t igue  crack  p r o p a g a t i o n  da/dN wi th  t he  a l t e rna t ing  stress  in t ens i ty  A K  for  long cracks  in 
w r o u g h t  Ren~ 95 ,  showing  t he  de f in i t i on  o f  t h r e s h o l d  AK 0 for  cracks  a b o u t  25 m m  long  a t  R = 0.1 and  R = 0.8 
( e n v i r o n m e n t :  mo i s t  air ,  30% relat ive h u m i d i t y ) .  

The threshold AK0 values were defined in 
terms of the initial AK value which did not  
cause visible crack extension in 5 × 107 
cycles, a procedure analogous to the deter- 
mination of a fatigue limit for S-N curves. 
All specimens were subsequently examined 
fractographically in the optical and scanning 
electron microscope. 

3. R E S U L T S  AND D I S C U S S I O N  

The fatigue crack propagation behavior of 
long (about 25 mm) cracks in Ren6 95 is 
shown in Fig. 1 in terms of  the crack growth 
rate da/dN (spanning six decades of growth 
from 10 -s to 10 -3 mm cycle -1) plot ted as a 
function of the alternating stress intensity AK 
(= Kmax -- Kmin). Similar to most  metals 
[14] ,  growth rates are a strong funct ion of 
load ratio R, particularly at near-threshold 
levels below about 10 -s mm cycle -1. Thresh- 
old AK 0 values, determined on the basis of  
the minimum stress intensity range to yield a 
maximum growth rate of 10 -8 mm cycle -1 
[14] ,  were found to be 7.7 MPa m 1/2 at R = 
0.1, and 3.5 MPa m 1/2 at R = 0.8. Such results 
compare closely with the elevated tempera- 
ture fatigue data for this alloy, which have 
been determined by Gangloff [ 16].  

The corresponding threshold data for 
specimens containing short  (0.01 - 0.20 mm) 
cracks are shown in Fig. 2 in terms of the 
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Fig. 2. Var i a t ion  in t he  ini t ial  stress in t ens i ty  AK i 
w i t h  the  n u m b e r  Nf o f  cycles to  fai lure for  phys ica l ly  
s h o r t  c racks  in w r o u g h t  Ren6  95,  showing  the  defini-  
t i on  of  t h r e s h o l d  AK 0 for  0.01 - 0.2 m m  cracks  a t  
R = 0.1 ( e n v i r o n m e n t :  mo i s t  air, 30% rela t ive  humid -  
i ty;  frequency, 25 Hz). 

initial stress intensity AKi plotted as a 
function of the number Nf of cycles to failure. 
Using initial stress intensities ranging from 
10.1 to 2.3 MPa m 1/2, a threshold AK0 value 
for R = 0.1, defined as the maximum AKi 
value which caused no visible crack growth in 
5 × 107 cycles, was found to be a mere 
3.0 MPa m 1/2, over 60% smaller than the 
measured long crack threshold at the same 
nominal load ratio. Such AK0 values and 
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TABLE 3 
Threshold data for wrought Ren~ 95 pertaining to 
long and short crack tests 

Crack size Load  ratio A K  0 Cyclic  Maxi-  
(ram) Kmin/Kma x (MPa m 1/2) ry m u m  ry 

(pm) (pm)  

~ 2 5  0.1 7.7 1.6 5.9 
~ 2 5  0.8 3.5 0.3 24.9 
0 .01-0 .20  0.1 3.0 0.2 0.8 

associated cyclic and maximum plastic zone 
sizes ry, computed  using the standard small- 
scale yielding equation [17] ,  are listed in 
Table 3. In view of  the large discrepancy 
between the threshold AKo values for long 
and short cracks in this superalloy, it appears 
to be inadvisable to base defect-tolerant 
lifetime calculations on conventional (long 
crack) fatigue data for Ren~ 95. 

Explanations of  this result must  be viewed 
as speculative at this time bu t  a number  of  
points are wor thy  of  note.  First, in all cases, 
maximum plastic zone sizes are less than 
about  one-fifteenth of  their respective crack 
lengths, indicating that the linear elastic small- 
scale yielding characterization in terms of  AK 
is valid. Thus the small defects utilized in this 
s tudy must  be considered as merely physically 
short. Second, the value of  the short crack 
threshold at a low mean stress (R = 0.1) 
compares closely with the value of  the long 
crack threshold at a high mean stress (R = 
0.8), with the long crack threshold at R = 0.1 
being considerably larger. Such a result is 
plausible if viewed in terms of  the concept  of  
fatigue crack closure. Related studies on long 
crack near-threshold behavior in steels and 
aluminum alloys [18 - 21] have at t r ibuted 
the marked load ratio effect  on ~K0 values 
to crack closure mechanisms where, at low 
mean stresses, some physical contact  occurs 
between mating crack surfaces above the 
minimum load. This effectively reduces the 
nominal stress intensity range (AK = K m a x  - -  

Kmi,) to some lower effective level (AKe~ = 
Kmax -- Kel where Kd  is the stress intensity 
to close the crack), thereby reducing the 
driving force for crack growth. At  high mean 
stresses (high R)  where the crack remains 
open for the entire loading cycle, crack 
closure effects are minimized and the full 
effect  of  the applied AK range is experienced 

at the crack tip. In the absence of significant 
environmental effects, a mechanism for such 
closure under plane strain conditions has been 
identified and experimentally verified in 
terms of  the roughness or morphology of  the 
fracture surface, the so-called roughness- 
induced closure [20, 21] .  Since, at near- 
threshold levels where plastic zone sizes are 
generally less than the grain size, fatigue 
cracks propagate by a single shear mechanism 
with associated mode I plus mode II displace- 
ments (akin to the Forsyth stage I mechanism), 
the resulting faceted fracture surfaces can 
promote  crack closure by wedging open the 
crack at discrete contact  points along its 
length (Fig. 3). This is particularly relevant 
for nickel-base alloys where near-threshold 
fatigue fracture surfaces at low R values are 
significantly faceted and are usually referred 
to as crystallographic fatigue crack growth 
(Fig. 4). However, since a crack of zero length 
can have no fracture surface and hence no 
roughness-induced closure, it is likely that  the 
extent  of  such closure is a function of crack 
length and that its effect  on the very short  
crack will be minimal. Thus we would 
tentatively conclude that  the physically short 
crack threshold result, like the long crack 
threshold at R = 0.8, is less influenced by 
crack closure mechanisms and is therefore 
correspondingly smaller than the conven- 
tionally measured threshold for long cracks at 
R = 0 . 1 .  

Kmin 

NO CLOSURE ROUGHNESS-INDUCED 
CLOSURE 

l Mode I 
opening 

~ode H 
sheor 

Fig. 3. Schematic diagram showing the fatigue crack 
closure originating from the fracture surface 
morphology or roughness. Kcl is the stress intensity 
to close the crack. 
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Fig. 4. Crystallographic fatigue crack propagation at 
near-threshold stress intensities (AK ~ 9 MPa m 1/2 
in the long crack R = 0.1 test), showing the face£ed 
appearance of the fracture surface. The arrow 
indicates the general direction of crack growth. 

Clearly this e x p l a n a t i o n  lacks  d i rec t  exper i -  
m e n t a l  ver i f ica t ion  a t  this  t ime ,  b u t  the  resu l t  
does  h ighl ight  the  large d i f fe rences  in near-  
th resho ld  fa t igue  behav io r  t ha t  can arise 
b e t w e e n  long and  phys ica l ly  sho r t  c racks ,  
d i f fe rences  which  ind ica te  t ha t  the  use o f  
conven t iona l  ( long c rack)  fa t igue  da t a  (a t  l ow  
load  ra t ios)  for  d e f e c t - t o l e r a n t  l i f e t ime  predic-  
t ions  in c o m p o n e n t s  con ta in ing  small  de fec t s  
should  be  severely  ques t ioned .  

4. CONCLUSIONS 

Based on a s t u d y  o f  the  nea r - th resho ld  
fa t igue  behav io r  o f  long  ( a b o u t  25 m m )  and  
phys ica l ly  sho r t  (0.01 - 0 .20  m m )  cracks  in a 
w r o u g h t  n ickel -base  supera l loy ,  Ren6 95,  the  
fo l lowing  conc lus ions  can  be  d rawn .  

(1) T h r e s h o l d  AK0 values fo r  no  de t ec t ab l e  
c rack  g r o w t h  were  f o u n d  to  be  7.7 MPa m 1/2 
a t  R = 0.1 and  3.5 MPa m 1/2 a t  R = 0.8 fo r  
tests  on  long  cracks .  

(2) T h e  c o r r e s p o n d i n g  th re sho ld  A K  0 value 
fo r  sho r t  c racks  was f o u n d  to  be  3.0 MPa m 1/2 
a t  R = 0.1, over  60% lower  t han  the  long  
c rack  resu l t  a t  the  s ame  n o m i n a l  load  ra t io .  

(3) The  m a r k e d  d i s c r e p a n c y  b e t w e e n  the  
long  and  shor t  c rack  th resho ld  resul ts  is 
t en ta t ive ly  exp la ined  in t e r m s  o f  c rack  c losure  
m e c h a n i s m s ,  specif ical ly  involving the  role  o f  
f r ac tu re  sur face  roughness .  

(4) D e f e c t - t o l e r a n t  fa t igue  l i f e t ime  predic-  
t ions ,  based  on  c o n v e n t i o n a l  long  c rack  da t a  
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